The time varying currents in the Ohmic transformer in the SST-1 tokamak induce voltages that drive large eddy currents in the passive structures like the vacuum vessel and cryostat. Since the vacuum vessel and the cryostat are toroidally continuous without electrical breaks in SST-1, this leads to a shielding effect on the flux penetrating the vacuum vessel. This reduces the magnitude of the loop voltage seen by the plasma as also delays its buildup. Also the induced currents alter the null location of magnetic field. This will have serious implications on the plasma breakdown and startup and corrective measures may be required in case of an insufficient loop voltage or an improper null. Further, the eddy currents distribution will be vital for the plasma equilibrium and need to be considered while reconstructing the equilibrium.
I. Introduction
Modeling of the induced eddy current distribution in the passive conducting structures, like the vacuum vessel and the cryostat in a superconducting tokamak is a complex task. This is indispensable for a number of reasons like, the plasma current start-up, position control, disruptions and their aftermath, equilibrium reconstruction etc. In present day superconducting tokamaks, there are severe design constraints and those make the eddy current contributions rather significant. It is mechanically impractical to construct a tokamak vacuum vessel to make the toroidal eddy current flow negligible [1] . This problem has worsened in the superconducting tokamaks with the advent of the cryostat assembly. The eddy current flow in the passive elements inhibits the penetration of Ohmic flux and vertical field making the plasma start-up and burn-through phases quite complicated. It also plays an important role in stabilizing the positional instability of the plasma [2] [3] and thereby renders the position control extremely difficult. The magnetic fields produced by the eddy currents could generate error fields that may give rise to islands at the rational surfaces or introduce chaos to the magnetic field lines, enhancing anomalous cross-field transport [4] . Further, there may be additional poloidal field (PF) coils on the tokamak which are sitting idle (typically shortened with a resistor ~ 0.3 ) for a particular discharge scenario. The induced voltages can pose serious threat to the insulation of these coils to the extent of damaging the insulation altogether. Hence, the tokamak assembly and operation personnel need to know the magnitude and spatial distribution of these currents. Given the importance and complexity of the problem, the available literature on the eddy current modeling in tokamaks is still far from adequate. Our effort in this paper is to develop a near comprehensive understanding of the eddy current distribution in a tokamak and its effect on the magnetic measurements.
The eddy current distribution is generally modelled in two types of approaches. In the first method, the passive conducting structures in the tokamak are replaced by toroidally symmetric passive filaments [2] . This approach will be referred as the filament model henceforth. The other approach is to use the finite element method (FEM) [3, 5] to model the structures. The filament model is generally used in plasma simulations and is relatively easier to handle. The caveat of this approach is that, it is virtually impossible to analyze the effects of eddy currents in the complicated mechanical structures in a tokamak with this model. Hence, the filament model can be used efficiently unless the 3D effects of eddy currents are significant for a given application. On the other hand, precise modeling of the structures and their material properties are possible using FEM. FEM is computationally expensive since the modeling is in three dimensions (3D). Hence, it is essential to study the reliability and robustness of the filament model for a given tokamak and for the concerned operation scenarios and model application.
In this paper we describe the modelling of the eddy current distribution in the cryostat, vacuum vessel and other passive structures on the Steady-state Superconducting Tokamak, SST-1 [6- 8] using a filament model. View ports and other complex structures on the tokamak are either neglected or simplified as toroidally symmetric filaments to maintain the brevity of the analysis. This approximation makes it readily usable for a wide variety of purposes. The estimated eddy current distribution is validated against the experimentally measured signals in various magnetic diagnostics like the toroidal flux loops and magnetic pick-up (position probe) coils.
The paper is organized as follows: the SST-1 machine is described briefly in section II. The filament model is stated in section III. Results of the experimental validation are shown in section IV. Finally the results and the outstanding issues are discussed in section V.
II. The SST-1 machine
The SST-1 tokamak is a large aspect ratio tokamak, configured to run double null diverted plasmas with significant elongation and triangularity . The machine has a major radius of 1.1 m, a minor radius of 0.20 m, maximum toroidal magnetic field (Bt) of 3.0 T at the plasma center [6] . Elongated plasma with elongation in the range 1.7-1.9 and triangularity in the range 0.4-0.7 can be produced. The magnet system comprises the TF coil system, the PF coil system, the Ohmic transformer, the vertical field coils and the vertical position control coils. 6 PF coil pairs (except PF1) are installed for realizing various operational scenarios. PF1 to PF5 are superconducting coils while PF6 is a normal conductor coil. An Ohmic transformer, comprised of a central solenoid (TR1) and two pairs of compensation coils (TR2 and TR3) will, therefore, be used for plasma startup and initial current ramp-up. These coils are made from hollow copper conductors. The TR2 and TR3 coils minimize the magnetic field produced by TR1 in the plasma to values of less than 10 G at full flux storage. The transformer has a storage flux of 1.4 V s and can be used for producing circular plasma with currents up to 100 kA for almost ODEs are solved using the Runge-Kutta method (RK4). The step size in RK4 is optimized at 100 s to achieve a tolerance level of ~10 -8 A for the evaluated induced currents in the range of ~100 A -1 kA. It can be noted that, tolerance level achieved depends on the optimized step size and does not depend on the number of equations involved in RK4. The calculated inductance matrix is validated for test cases with the code for calculating the electromagnetic field, force and inductance (EFFI) in coil systems of arbitrary geometry [9] . The contribution of TF coils (if any) is not included in the model. The self-inductance for a circular loop conductor of radius R and cross-sectional area A with N turns is given by:
The mutual inductance between two circular loops is given by:
Where, Where N1 and N2 are the number of turns and a and b are the radii of the first and second loop respectively. K(k) and E(k) are the complete elliptic integrals of the first and second kind respectively and k is elliptical modulus (
). Vertical positions (Z direction) of the first and second loop are given by z1 and z2 respectively. According to Faraday's law, a change in the magnetic flux through a surface bound by a circuit induces an electromotive force (voltage) proportional to -dΦ/dt is given by:
The above 
where, Bi R and Bi Z are the R and Z components of a poloidal magnetic field and given by:
A toroidal wire loop at (Rs,Zs) with current I produces the flux  (R,Z) in (R,Z):
where, G(R,Z,Rs,Zs) is the Green's function [10] , defined as G=M12/20N1N2.
It can be noted that the active coils, like TR and BV, are also broken into a set of filaments distributed according to the radial (R) and vertical (Z) spans of the respective coils in this code.
This makes the mutual inductance matrix calculation even more accurate due to the physical dimensions of the respective coils. The number of filaments along R and Z directions are given as nfR and nfZ in table 1. Fig. 7 and Fig. 8 ). However, after ~200 ms there is a zero cross-over in loop voltages. This part is purely dominated by the negative slope in the IBV, as evident from Fig. 6 . It can be noted that IOH and IBV are of opposite polarity for a typical tokamak discharge. The zero cross-over part is shown in Fig. 7 and 8 to illustrate the sensitivity of the flux loops and the accuracy of our simulation. A small dip in IBV is also captured nicely in the green plots (with IBV only without the passive elements' contribution) at ~110 ms. For actual plasma shots in SST-1, sufficiently long pulse of IBV will be given to sustain the plasma for the desired duration. This procedure helps as an essential benchmarking for the eddy current modeling and demonstrates the sensitivity of the approach. 
IV. Experimental verification

C. Filament model upgraded with the inclusion of PFCs
Plasma facing components (PFC) are installed in SST-1 for phase II of operations [11] . These passive structures may introduce small corrections to the magnetic geometry, albeit they are in saddle-configuration on the SST-1 machine. Hence, the PFCs need to be included in the filament model to get a comprehensive understanding of the induced EMFs. Fig. 12 shows the filaments added to the existing model to include the PFCs. 100 new filaments are added to represent the PFCs. Out of these 100 filaments 21 pairs are in saddle configuration representing the outer passive (15 pairs) and inner passive (6 pairs) stabilizers respectively. These filaments are shown in blue in Fig. 12 . Rest of the PFC filaments are toroidally continuous similar to the vessel/cryostat filaments and represent the divertor plates. Resistance of a saddle pair is simply determined by adding the individual resistances of the participating loops (top and bottom) in the pair and resistances for the legs, as shown in Fig. 13 . The self-inductance for a saddle pair filament is realized as:
Where L is the self-inductance of each loop of the saddle pair and M12 is the mutual inductance between the top and bottom loops in a pair. The mutual inductance between two saddle pairs is realized as:
Where M11' is the mutual inductance between the top loops of first and second saddle pairs and control, equilibrium etc. In future, this model will be further validated against 3D calculations using the commercial FEM software like COMSOL ® Muliphysics [5] .
